Receiver functions (RFs) from 224 permanent and temporary stations in central and southern Mexico were used to characterize the upper-mantle transition zone in that region. Discontinuities at 410 and 660 km depth are both deeper compared to iasp91, which reflects a slow velocity anomaly in the upper mantle. They show topography on the interfaces that is consistent with the interaction of the subducted slab or its broken off extension. A low-velocity layer on top of the 410 is identified mainly on the continental side of where the slab pierces it (i.e. in the lee of the slab roll-back). In general the RFs show a complex behaviour where the mantle has been disturbed by the lateral motion of the subducted slab, and are simple where it has not. Complexity on the 660 coincides with the place where the broken off portion of the Farallon Plate would have penetrated this interface or is possibly lying on top of it.
I N T RO D U C T I O N
Central Mexico is tectonically characterized by the subduction of the Cocos and Rivera plates beneath the North American Plate. Cocos and Rivera subduction started at the beginning of the Miocene, when the Farallon Plate evolved into the Guadalupe Plate which later separated into the Rivera and Cocos plates (Mammerickx & Klitgord 1982) . The subduction of the East Pacific Rise produced a slab window and a slab tear that propagated laterally eastwards (Ferrari 2004) , which resulted on the volcanism migration observed along the Trans Mexican Volcanic Belt (TMVB). Tomographic images suggest that Farallon continued its subduction to the east, leaving some fragments under North America (e.g. van der Lee & Nolet 1997), but generally descended to a depth of ∼1500 km below the mid-Atlantic (e.g. Grand et al. 1997; van der Hilst et al. 1997; Gorbatov et al. 2001) .
Currently, the subduction angle varies along the trench, from a high angle in the north, to a horizontal subduction in central Mexico and back to a high angle to the south (Pardo & Suárez 1995) . The slab has been rolling back for the last 20 Myr, as indicated by a southern migration of the TMVB volcanism (Ferrari et al. 2001; Gómez-Tuena et al. 2003; Orozco-Esquivel et al. 2007 ) and the lack of compressional geological features in the forearc during this time period (e.g. Nieto-Samaniego et al. 2006; Morán-Zenteno et al. 2007) .
The slab geometry has been delineated by seismicity (e.g. Pardo & Suárez 1995) , tomography (Gorbatov & Fukao 2005; Husker & Davis 2009; Yang et al. 2009 ) and receiver functions (RFs; Pérez-Campos et al. 2008; Kim et al. 2010; Melgar & Pérez-Campos 2011) . The most striking feature of the slab is that under central Mexico, it is horizontal for 250 km from the trench (Pérez-Campos et al. 2008) . Just before the TMVB, the slab dives steeply into the upper mantle with an angle of 70 • , passing through a depth of ∼410 km at a distance of 380 km from the trench. Tomographic images indicate that the slab terminates at a depth of approximately 570 km (Husker & Davis 2009 ).
The goal of this work is to determine the presence of the slab in the mantle transition zone (MTZ), between the seismic discontinuities at 410 and 660 km (hereafter called the 410 and the 660, respectively), its interaction with the upper-mantle discontinuities and its role in hydrating the upper mantle in the region. Central Mexico is a good place to do this because there are fairly precise models of where the slab intersects the MTZ, and there is a reasonably dense seismic network that covers the region.
DATA
We use teleseismic data from six deployments in central and southern Mexico ( Fig. 1): (1) the MesoAmerican Subduction Experiment (MASE; MASE 2007),
(2) the Veracruz-Oaxaca (VEOX) experiment (VEOX 2010), (3) the Mapping the Rivera Subduction zone (MARS) experiment (Yang et al. 2009 ), (4) the Guerrero Gap (GGAP) project, a network focused on the non-volcanic tremors in the Guerrero region (Zigone et al. 2012) , Figure 1 . Station locations (squares). The yellow area denotes the current location of the TMVB, the Los Tuxtlas Volcanic Field (LTVF) and the Modern Chiapanecan Volcanic Arc (MCVA; Ferrari et al. 2012) ; brown triangles denote active volcanoes. Profiles 2, 4, 9, 14 and c are shown in Fig. 3 . Grey dots denote the grid nodes for RFs stacking. MAT, Middle American Trench. Blue lines denote the isodepth contours of Rivera and Cocos slab as determined by Pardo & Suárez (1995) and modified by recent results (Pérez-Campos et al. 2008; Yang et al. 2009; Melgar & Pérez-Campos 2011) . The edge of the slab with the depth it reaches is denoted by a light dashed line.
(5) two temporary stations to complement the existing SSN stations in southcentral Mexico (we will refer them as CONA), and (6) the broad-band permanent stations in central and southern Mexico of the Servicio Sismológico Nacional (SSN, National Seismological Service in Mexico, http://www.ssn.unam.mx).
In total, we were able to obtain 6935 P-wave RFs from the 224 stations ( Fig. S1 ). The noise levels at the frequency range used in this study are comparable for all data sets, including permanent and temporary stations ( Fig. S1 ).
A N A LY S I S O F T H E C O N V E RT E D P H A S E S
We employed the standard RF method (Vinnik 1977) , with a 120-s data window, starting 30 s before the P-wave onset. The three components of the seismogram Z-vertical, N-North and E-East are rotated to a P-polarization ray-based coordinate system L-longitudinal, Q-radial and T-transversal by finding the eigenvectors of the covariance matrix and minimizing the rotation (Kanasewich 1973; Husebye et al. 1975; Vinnik 1977) . We then performed the deconvolution of the Q component by the L component in the time domain (Ligorría & Ammon 1999) , using a Gaussian filter with a width parameter of 2.5. We kept only the best RFs based on the fit of the estimated Q component to the convolution of the estimated RF and the L component, retaining only those with 70 per cent or higher semblance; no difference in the results is observed if a higher level of semblance is chosen. In order to enhance the mantle discontinuity arrivals, we further filtered the RFs between 0.025 and 0.3 Hz (Fig. S1 ).
Following Dueker & Sheehan (1997) , we stacked the RFs according to their common conversion points (CCPs). We used iasp91 (Kennett & Engdahl 1991) as the reference velocity model to backproject the RFs along their ray paths and identify their conversion points at the 410 and the 660 discontinuities. We are interested on the relative behaviour of the discontinuities rather than their absolute depth, therefore correction for a 3-D structure is not essential and the results presented here are referenced to the velocity model used for the backprojection. Anomalies in the upper mantle will translate to a shift in depth for both discontinuities, while small lateral heterogeneities will increase our error estimation (∼7 km) of the discontinuity depth (e.g. Gurrola & Minster 1998; Owens et al. 2000) . Based on Gilbert et al. (2003) , we stacked the RFs within a distance of 1.5 • from each node of a 0.5 • × 0.5 • grid, for each discontinuity. The minimum number allowed for the stacking is 10 ( Fig. 2) . We obtained the mean of the stack and its confidence interval ( Fig. 3 ) by bootstrapping the RFs at each node (Efron & Tibshirani 1993) . We only interpret our results within the region outlined by the purple line in Fig. 2 , which corresponds to nodes where at least 10 different stations contribute to the RFs stack. Furthermore, the region within the white line in Fig. 2 corresponds to nodes with an azimuthal gap less than 180 • . The gap is due to a lack of earthquakes from the NE.
The discontinuities are first determined by means of an automatic picker, which looks for peaks that exceed 80 per cent of maximum value within the selected range interval (360-460 for the 410, and 610-710 for the 660). The maximum of these peaks is selected as a candidate for the converted phase for the discontinuity. We then do a thorough visual inspection for lateral coherence, and the pick selections were modified accordingly. Deviations from the To assess complexity in the RFs we used the number of peaks and valleys (NPV) for the mean RF at each node, as done by Pérez-Campos & Clayton (2013) . NPV is defined as the number of maxima and minima that exceed 80 per cent of the maximum value observed in the RF, as long as it has a zero crossing in between. The bootstrap errors of the RFs at each node are small enough to disregard them when estimating the NPV. In Fig. 2 , we represent regions with complex RFs (NPV ≥ 4) as grey-hashed regions.
The slab presence could hydrate the MTZ, resulting in a lowvelocity layer (LVL) above the 410 (Bercovici & Karato 2003 ) and a garnet-rich mantle. The first one will result on a negative phase in the RFs above the main arrival for the P410s and the second one will generate complex arrivals for the 660 (e.g. Simmons & Gurrola 2000; Ai et al. 2003) . Therefore, the complexity suggested by the NPV might be an indicator of a presence of an LVL for the 410 or multiple phase conversions for the 660. Note that crustal multiples generated by the Moho will arrive outside the zone used to measure complexity for each of the discontinuities.
U P P E R -M A N T L E D I S C O N T I N U I T I E S
The average depth of the 410 across the region is 421 ± 11, and for the 660, it is 676 ± 10 km. This means both discontinuities are shifted deeper by at least 10 km, which would reflect a slow anomaly in the upper mantle, as indicated by Li et al. (2008) . In Fig. 2 the topography of the discontinuities is shown relative to these average depths. In relative terms, topography of the 410 shows an uplifted region with respect to the depressed surrounding, which we interpret as the place where the slab is penetrating the 410 (Fig. 2 , blue hashed region marked with number 1). This corresponds to the position where Husker & Davis (2009) found the slab at 410 km depth along the MASE line in central Mexico. Another similar region is also observed to the northwest, which corresponds to the position where the slab reaches 410 km depth in the tomography by Yang et al. (2009;  Fig. 2 , blue hashed region marked with number 2). To the east, there is also an uplifted region, shown with warm colours in Fig. 2 and a corresponding blue hashed region marked with number 3. This region corresponds to the presence of cold material according to seismic tomography by Gorbatov & Fukao (2005) and the global tomography by Li et al. (2008) . The penetration of the slab through the 410 is characterized by simple RFs with diminished amplitude (Fig. 3) . This is similar to observations by Li et al. (2000) , who observed a gap in the RF image around the 410 where the Pacific slab penetrates to the MTZ. They suggested that the variability in the topography due to the presence of the slab might not be resolvable by their data. On the north side of the slab (i.e. in the lee of the lateral movement of the slab), the RFs show a complex behaviour. By following both criteria-simplicity of the RFs and a locally uplifted region-we identified the possible position of another fragment of the slab reaching the 410, which is marked with blue-hashed region number 4 in Fig. 2 . The 660 discontinuity shows three regions where it is depressed, with one north and one south of the MASE line, and the third one in southern Mexico. The first and third, along with the complex nature of the RFs, indicate the possibility of cold material sitting on top of the 660 discontinuity. East of the MASE line, Gorbatov & Fukao (2005) show a fast anomaly lying horizontally for ∼600 km to the northeast and then penetrating to the lower mantle. For southern Mexico, the fast anomaly seems to penetrate the 660 at ∼300 km from the trench (Gorbatov & Fukao 2005) .
In general, the MTZ under central Mexico, south of the TMVB appears to be affected by the presence of cold material, making it slightly thicker (∼15 km) than the global average. This is correlated with the interaction of the Cocos slab with the MTZ. While to the east of the TMVB, the MTZ undergoes a thin-thick-thin change in thickness. This is the region where the Cocos slab appears to have broken off (Rogers et al. 2002) , and this may be the cause of the changes in the MTZ. This is also where the volcanic arc almost disappears in the transition from the TMVB to the MCVA. Fig. 3 shows four profiles from west through east that cut the slab in a transverse direction, and one profile in the longitudinal direction. Additional profiles are shown in Fig. S3 . The 410 and 660 global discontinuities are indicated. Despite the RFs insensitivity to smooth velocity variations, there is a striking correlation between the RF nature and the tomographic images by Li et al. (2008) and Gorbatov & Fukao (2005) . RFs in the region of fast (cold) material show a more complicated nature.
Although intermittent, an LVL is evident above the 410 discontinuity, especially near where interaction seems to occur between cold material and the 410 discontinuity (Fig. 3) . The LVL zone above the 410 is also seen in a refraction study in northeastern Mexico by Gao et al. (2006) . Fig. 4 summarizes our observations of the upper-mantle discontinuities under central Mexico. Cocos slab appears to interact with the MTZ in an intermittent rather than spatially continuous fashion. In central Mexico, the slab penetrates the 410 discontinuity at the location predicted by the recent seismic tomography study of Husker & Davis (2009) . This tomography shows the slab truncated at 500 km, and the global tomography by Li et al. (2008) and the regional tomography by Gorbatov & Fukao (2005) show what is likely the broken off part of the slab interacting with the 660 discontinuity. This is consistent with the topography we observe for the 660 discontinuity north of current end of the slab. The remnant of the slab may be either sitting on top of the 660 or penetrating it. Our data do not provide the resolution to distinguish these two cases.
D I S C U S S I O N A N D C O N C L U S I O N S
The LVL above the 410 seems to be the result of hydration due to the passage of the subducted slab, as seen in other places (e.g. Song et al. 2004; Gao et al. 2006; Vinnik et al. 2010 , Schmandt et al. 2011 Tauzin et al. 2013) . In a similar fashion to the complexity on the 660 interface, the LVL generally appears where the slab interacts with the 410 (i.e. where the 410 pierces it currently and in the past).
The analysis of the mantle discontinuities and transition zone in the Gulf of California (Pérez-Campos & Clayton 2013) show that the warm and hydrated system in the northern Gulf produced complex RFs (mainly for the 660 discontinuity), in contrast to the RFs in central and southern Mexico which appear much simpler and suggest the presence of cold material that is likely due to the remnant Farallon slab (Yang & Forsyth 2006) . In this study the complex zones appear to be localized in regions where the interfaces have been penetrated by the Cocos slab.
In conclusion, the penetration of the 410 discontinuity by the slab appears to have hydrated the region, in such a way as to produce an LVL on top of the 410 (Bercovici & Karato 2003) starting at the point of penetration and continuing in its lee. In contrast, regions that have not been disturbed by the passing of the subducted slab show simple RFs.
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Additional Supporting Information may be found in the online version of this article: Peterson (1993) . The gray region represents the bandwidth we used for the RFs (0.025 -0.3 Hz). c) Stacked RFs by ray parameter. Left: Unfiltered. Right: They have been filtered between 0.025 and 0.3 Hz. P410s (green arrows) and P660s (orange arrows) correspond to the theoretical arrival of the converted phase P to S at 410 km depth and at 660 km depth, respectively. Figure S2 . Azimuthal gap per node. It represents the largest azimuthal gap per node. In general, most events come from the SE, SW and NW, having the largest azimuthal gaps to the Northeast. The white line delimits the area within the nodes have an azimuthal gap less than 180 • . Figure S3 . a) Position of profiles. b) Profiles along the direction of the slab subduction (1-16). Profiles 2, 4, 9, and 14 are shown in Fig. 3 . Each RF shows the stack and its confidence interval. The brown areas correspond to the slab according to Yang et al. (2009) for profiles 1, 2, and 4, and to Husker & Davis (2009) for profile 9. Brown areas for profiles 5, 6, 7, 8, 10, and 11 denote our interpretation of the position of the slab, given similarities on the RFs with previous profiles. Brown areas in profiles 15 and 16 correspond to areas of cold material in tomography by Li et al. at California Institute of Technology on July 3, 2014 http://gji.oxfordjournals.org/ Downloaded from
